In recent years, the number of emergent plant pathogens (EPPs) has grown substantially, threatening agroecosystem stability and native biodiversity. Contributing factors include, among others, shifts in biogeography, with EPP spread facilitated by the global unification of monocultures in modern agriculture, high volumes of trade in plants and plant products and an increase in sexual recombination within pathogen populations. The unpredictable nature of EPPs as they move into new territories is a situation that has led to sudden and widespread epidemics. Understanding the underlying causes of pathogen emergence is key to managing the impact of EPPs. Here, we review some factors specifically influencing the emergence of oomycete and fungal EPPs, including new introductions through anthropogenic movement, natural dispersal and weather events, as well as genetic factors linked to shifts in host range.
Introduction
Emergent plant pathogens (EPPs) are plant pathogens that (1) are causal agents of new diseases, (2) display an unusually increased incidence, (3) are able to infect novel hosts, (4) exhibit geographic expansion, and/or (5) have alterations in pathogenesis (Anderson et al., 2004) . EPPs have caused catastrophic epidemics throughout history and continue to threaten modern agriculture and ecosystem stability (Fig. 1) . For instance, the Irish potato famine of the 1840s the first severe epidemic for which an emerging microorganism was shown as the causal agent (Schumann & D'Arcy, 2000) caused almost a million deaths in Ireland as a result of starvation and triggered mass migration (Turner, 2005) ; almost two centuries later, owing to a multitude of factors, the Irish population still has not reached pre-famine numbers (Yoshida et al., 2013) . Repeated human introduction of the late blight pathogen Phytophthora infestans into nonnative regions was the major cause of potato late blight epidemics. P. infestans remains the most important single biotic constraint to potato production world-wide (Kromann et al., 2014) as a result of its high adaptability facilitated by long-distance dispersal of asexual lineages (Cooke et al., 2012; Yoshida et al., 2013) . Another example of the devastating effects of EPPs is brown spot of rice (Oryza sativa), caused by Cochliobolus miyabeanus, which was a significant factor in the deaths of over 2 million people during the Bengal famine of 1943 (Sen, 1981) .
With the advent of modern resistance gene-based breeding, regulated use of single-site fungicides, and improved disease management strategies, it is hoped such catastrophic levels of human suffering can be circumvented in future. However, the timely deployment and ultimate success of such control measures are dependent on a clear understanding of the factors leading to plant disease emergence. Herein, we discuss some main driving factors in emergence, such as new introductions and genetic factors underlying shifts in host range. We focus on information gleaned from oomycete and fungal pathogens, which are responsible for over 30% of all emergent plant diseases (Anderson et al., 2004) . sexual recombination in pathogen populations (Anderson et al., 2004; Fisher et al., 2012) . When considering fungal pathogens specifically, two main factors drive emergence: new introductions (including pathogen pollution (Cunningham et al., 2003) and natural dispersal) and weather (accounting for c. 40% each; Fig. 2 ) (Anderson et al., 2004) , alongside alterations in agricultural practices.
Pathogen pollution
Anthropogenic movement of pathogens is a major cause of EPP introductions. Pathogen pollution, defined as human movement of pathogens outside their natural geographical area or host range (Cunningham et al., 2003) , enables pathogens to cross geographical boundaries and infect a new host and/or settle in a new region (Anderson et al., 2004) . For example, the disastrous introduction of the Chestnut blight pathogen Cryphonectria parasitica into North America, causing the loss of billions of American chestnut trees, probably occurred via the import of infected saplings from Asia (Dutech et al., 2012) .
For crop pathogens, one notable example is Karnal bunt, a fungal disease of wheat (Triticum aestivum), durum, rye and triticale caused by Tilletia indica. The disease was discovered in India in the 1930s and initially restricted to South Asia and Iraq. However, in 1972 it was reported in Mexico, with further isolated outbreaks described in the southwestern United States and South Africa in the late 1990s and early 2000s (Bonde et al., 1997) . Karnal bunt is a soil-, seed-, and air-borne disease and is probably transmitted primarily via the import of contaminated seed. Increasing concerns have triggered a ban on grain imports from regions with Karnal bunt, with severe economic consequences for the affected countries (Gewin, 2003) .
Single-step incursions are rare, and it is probable that several external invasions are needed for the spread of EPPs into new locations. However, the unprecedented amounts of anthropogenic movement in recent years have clearly facilitated the spread of EPPs into new territories.
Natural aerial dispersal
Emergent plant pathogens also emerge in new regions via natural dispersal mechanisms. For instance, fungal pathogens that infect above-ground plant parts frequently disperse via airborne spores, which can assist their entry into new regions. Long-distance spore dispersal is key for the survival of certain obligate biotrophic fungi, which cannot live on soil or plant debris and must survive in a dormant state or re-establish the population every season from external sources (Brown & Hovmoller, 2002) . Spore dispersal is often essential for re-establishment, but dispersal is successful only if there is a susceptible host in the target region and favourable environmental conditions. Unfortunately, the reduced genetic diversity of modern crops tends to increase the chances of success of global aerial dispersion of spores (Brown & Hovmoller, 2002) as it only needs one successful incursion to cause widespread damage as a result of crop uniformity.
The recent incursion into western Europe of two races of Puccinia striiformis f. sp. tritici, the causal agent of wheat yellow rust (Hubbard et al., 2015; Hovmøller et al., 2016) , was attributed to long-distance spore dispersal from their origin in sexually recombining populations in Asia (Hovmøller et al., 2016; Fig. 1 ). These new races, known as 'Warrior' and 'Kranich', have unprecedented degrees of genetic diversity and are virulent across many European wheat varieties, posing a serious threat to wheat production (Hubbard et al., 2015; Hovmøller et al., 2016) . Versatility in disease spread assisted by human movement and/or natural wind dispersal can thus enable rapid redistribution of pathogen strains, with dire consequences in regions with high degrees of susceptibility.
Influence of weather on EPP distribution
Alterations in weather conditions associated with climate change can cause plant pathogens to re-emerge as significant threats, as dormant pathogens or those previously under control reappear and/or adapt to new geographic regions, leading to severe outbreaks. It has been suggested that milder winters, higher temperatures and higher night temperatures could increase sporulation and infectiousness of foliar fungi (Harvell et al., 2002) . For example, reductions in the diurnal thermal amplitude decreased the latency period of coffee rust in Central and South America. Together with economic factors, such as the use of susceptible cultivars as a result of high initial investment needed for cultivar replacement, variable rainfall and extreme weather conditions thus led to coffee rust outbreaks in 2008-2013 which directly affected the livelihoods of thousands of smallholder farmers (Avelino et al., 2015; Bebber et al., 2016) (Fig. 1) .
Severe weather events can also influence airborne pathogen dispersal. For instance, hurricane Ivan carried spores of the fungus Phakopsora pachyrhizi, the causal agent of Asian soybean rust, into the United States in 2004 from South America, and it is now found throughout the southeastern United States and Mexico (Stokstad, 2004;  Fig. 1 ). Climate change also provides opportunities for the re-emergence of previously vanquished diseases. It is estimated that crop fungi and oomycetes are moving an average of 6-7 km yr -1 poleward (Bebber et al., 2013) . In western Europe, earliermaturing wheat varieties that were bred to prevent the build-up of wheat stem rust inoculum, which prefers warmer summer temperatures to establish disease, are likely to be at risk. Indeed, in 2013, Germany experienced its first major outbreak of wheat stem rust in decades owing to an unusually cold spring followed by early summer temperatures (Olivera Firpo et al., 2017) . Stem rust has since been detected in areas of western Europe where it had been absent for many years, the most notable being in Sicily since 2016, where it constituted the largest outbreak in Europe in recent history (Bhattacharya, 2017) . Additionally, unusual stem rust outbreaks in Siberia and Northern Kazakhstan in 2015-2017 caused severe yield losses (Hovmøller, 2018) . As climate change accelerates, it is difficult to predict which territories EPPs will move to next, and an epidemiological perspective will be crucial to making long-term predictions about invasion and persistence of EPPs in new areas (Gilligan & van den Bosch, 2008) .
Alteration in agricultural practices
The agricultural landscape contains a very high density of genetically uniform plants that can trigger rapid pathogen cultivar specialization, and facilitate the quick emergence and spread of pathogens (McDonald & Stukenbrock, 2016) . Owing to modern agricultural practices, germplasm diversity has reduced globally and high-yielding cultivars have been specially selected and planted widely for their agronomical value (Van De Wouw et al., 2010) . This favours the emergence of 'domesticated' crop pathogens that evolve quickly and are more virulent than their wild ancestors (McDonald & Stukenbrock, 2016) . Large, dense host and pathogen populations also promote coinfection by different pathogens or different strains of the same pathogen, increasing pathogen virulence and the likelihood of horizontal gene transfer.
One example where modern agricultural practices have facilitated pathogen spread is the case of Zymoseptoria tritici, the causal agent of Septoria tritici Blotch (STB). STB causes significant wheat loses in temperate zones and is the primary wheat foliar disease in most western European countries (Fones & Gurr, 2015) . High degrees of host susceptibility have enhanced the population size of Z. tritici, promoting substantial gene flow between strains (Zhan & McDonald, 2004 ). Furthermore, large population sizes coupled with sexual recombination can cause massive shifts in pathogen populations, which can rapidly lead to the evolution of fungicide insensitivity (Stammler & Semar, 2011; Yemelin et al., 2017) . Accordingly, diversity in the agroecosystem via crop cocultivation, rotation and heterogenous planting of cultivars (McDonald & Stukenbrock, 2016) is crucial to reduce overall pathogen fitness and hinder their ability to rapidly overcome host resistance and fungicide sensitivity.
Genetic mechanisms underpinning EPP host shifts
Beyond physical transmission, the emergence of plant pathogens can also be driven by a shift in an existing pathogen's host range. For fungi and oomycetes, host jumps appear to occur even more frequently following anthropogenic movement (Slippers et al., 2005) . In the agricultural environment, strong selective pressure can aid the pathogen's adaptation to new environmental factors such as host genotypes and ecological conditions. Host-range expansion and host jumps can be facilitated by genetic events, including mutation, hybridization, sexual recombination and horizontal gene transfer among other mechanisms (Fig. 3) .
Mutation
The most prominent recent example of a host shift followed by migration is the wheat blast pathogen Magnaporthe oryzae (syn. Pyricularia oryzae) Triticum pathotype, which probably emerged from a shift of a Lolium-or Avena-infecting Pyricularia population (Ceresini et al., 2018) . Wheat blast was first detected on wheat in the 1980s in Brazil (Igarashi et al., 1986) , from where it spread to Bolivia in 1996 and Argentina in 2007 (Ceresini et al., 2018) . Now well established in South America, it is thought that seedborne inoculum on wheat grain imports from Brazil entered Southeast Asia in 2016, causing severe outbreaks particularly in Bangladesh (Islam et al., 2016;  Fig. 1 ). M. oryzae Triticum is a diverse group with a broad host range, infecting wheat, barley (Hordeum vulgare), rye, and > 10 other grass hosts (Urashima et al., 1993; Ceresini et al., 2018) . With fungicides providing only partial protection and current wheat varieties in Bangladesh displaying limited tolerance at best (CIMMYT; https://www.cimmyt.org/tag/wheat-blast/), wheat blast now poses a serious and immediate threat to wheat production across South Asia.
A key factor in the M. oryzae host jump to wheat was loss of recognition induced by mutations or deletions in the PWT3 and PWT4 avirulence genes combined with widescale planting of wheat cultivars lacking one or both of the corresponding resistance genes, Rwt3 and Rwt4, that act as a barrier for Lolium or Avena Pyricularia spp. compatibility on wheat (Inoue et al., 2017) . As exemplified in this case, when existing host species are physically near novel hosts, the ease of transmission of 'new' pathogen strains with adaptive mutations can lead to sudden and widespread epidemics.
Hybridization and nuclear exchange
Host-range expansion can also arise as a result of somatic hybridization. For example, nuclear exchange in multinucleated rust fungi in Australia was probably the origin of 'Scabrum rust', a hybrid form of the wheat stem rust pathogen (P. graminis f. sp. tritici) and the rye stem rust pathogen (P. graminis f. sp. secalis). The three formae speciales can all infect barley, causing severe stem rust epidemics in Australia (Luig & Watson, 1972; Park, 2007) . The advent of human-made crops can also provide pathogens with new hosts to exploit. For instance, the wheat-rye hybrid triticale, which had originally been resistant to powdery mildew (Menardo et al., 2015) , can now be infected by a new forma specialis that arose from hybridization between wheat powdery mildew (B. graminis f. sp. tritici) and rye powdery mildew (B. graminis f. sp. secalis).
These examples demonstrate the power of hybridization and nuclear exchange as forces in the evolutionary emergence of pathogens. These 'new' strains with expanded host range then escape direct competition with their parental strains to exploit their new host niche.
Sexual recombination and acquisition of accessory chromosomes
Recombination events in filamentous pathogens can enhance virulence and have a direct impact on host-range expansion (Giraud et al., 2010) . Many plant pathogens undergo sexual cycles and this is especially notable in agricultural settings, where pathogens with sexual cycles are able to evolve and adapt more readily to changing environments such as new hosts. One example is Z. tritici, which has the potential for sexual reproduction at least once per growing season (Cowger et al., 2008) , leading rapidly to changes in its virulence profile. New species with broader host ranges can also be created by hybrid speciation events, as in the case of Zymoseptoria pseudotritici, which has an expanded host range when compared with its wheat-infecting Z. tritici parent (Stukenbrock et al., 2012) .
Certain fungal species can also exchange 'pathogenicity' chromosomes that lead to host-range expansion. This is certainly the case for the tomato pathogen Fusarium oxysporum f. sp. lycopersici. The pathogen carries effector genes in one of four accessory chromosomes (Ma et al., 2010) , which are required for pathogenicity towards its tomato host (Vlaardingerbroek et al., 2016) . More recently, highly variable fast-evolving mini-chromosomes carrying effector sequences have also been identified in the wheat-adapted lineage of M. oryzae (Peng et al., 2018) . The unstable transmission of these mini-chromosomes between strains has been hypothesized to act as a mechanism to accelerate host adaptation for M. oryzae (Peng et al., 2018) . From these examples it is clear that sexual recombination and the exchange of accessory chromosomes can play a central role in EPP outbreaks by facilitating the emergence of new pathogen strains with novel virulence combinations that can be crucial for adaptation to new hosts.
Horizontal gene transfer
Interspecific horizontal gene transfer (HGT) is also a well described mechanism for new plant pathogens to emerge in agricultural settings (Stukenbrock & McDonald, 2008) . The acquisition of pathogenicity-related factors, especially between species coinfecting the same host, can cause rapid emergence of novel pathogens. One notorious example is the transference of the proteinaceous necrotrophic effector ToxA between two wheat fungal pathogens, Parastagonospora nodorum and Pyrenophora tritici-repentis (Friesen et al., 2006) . It is hypothesized that the acquisition of ToxA from P. nodorum led to the emergence of a new highly destructive race of Pyrenophora tritici-repentis. Recently, the same host-specific toxin ToxA was found in Bipolaris sorokiniana (McDonald et al., 2018) , a poorly understood wheat and barley pathogen that causes Helminthosporium leaf blight and common root rot and is the main constraint to cereal production in Central Asia. HGT is a potent driver for pathogen adaptation and in certain cases can have a major role in the emergence of new pathogen races (Stukenbrock & McDonald, 2008) . However, for fungal EPPs, the influence of HGT is only just starting to be revealed.
Increasing preparedness for EPPs
It is crucial that we develop interconnected global surveillance systems to guarantee early warnings and predict pathogen movement within the growing season. Furthermore, understanding the causes of sudden epidemics is key to designing effective control measures. Agricultural practices have led to a 'domestication' of plant pathogens. The modern agricultural landscape needs to become more heterogeneous to keep EPPs under control. More regular crop rotation and cultivar turnover, smaller planted areas and an increase in the number of crop species grown per unit area are necessary to reduce the probability of pathogen adaptation and host shifts (McDonald & Stukenbrock, 2016) . Accordingly, we need to couple demographic and geographical analyses to population genomic studies to elucidate how plant pathogens evolve and adapt in newly encountered agroecosystems.
Lessons from the past
Certain plant diseases have been controlled and almost eradicated thanks to effective crop protection strategies such as the use of New Phytologist (2020) 225: 118-125 Ó 2019 The Authors New Phytologist Ó 2019 New Phytologist Trust www.newphytologist.com resistant host cultivars, chemical treatment and/or removal of alternate host plants that form important roles in the life cycle of certain pathogens. For example, in Europe in the late 19 th and early 20 th centuries, the large-scale removal of common barberry (Berberis vulgaris) ended severe stem rust epidemics in western Europe (Zadoks, 1967) . Common barberry is essential for the pathogen (Puccinia graminis f.sp. tritici) to overwinter in temporal climates and complete sexual reproduction. However, the reintroduction of the alternate host in recent years has the potential to enhance the pathogen's genetic diversity and provide a seasonal haven for stem rust during winter (Smith et al., 2009) . Accordingly, the first occurrence of a sexual population of stem rust in decades in Sweden was recently reported following repeal of the barberry exclusion law (Berlin, 2017) . It is important that such lessons from the past are not forgotten and are instead used to inform and maintain historically effective crop protection strategies.
Predicting natural EPP dispersal patterns
A useful approach to predicting the dynamics of plant pathogens is to model the behaviour of a given pathogen under known conditions. Mathematical modelling can help to improve surveillance and control systems and possibly predict future outbreaks. Recently, a spore dispersal model for stem rust incorporated international field survey data, global weather data, and a dispersion model to simulate possible disease outbreak scenarios (Meyer et al., 2017) . Studying the key dispersal routes for stem rust spores, the model predicted when, how often, and how many spores may be dispersed in southern/East Africa, the Middle East, and Central/ South Asia for highly virulent strains such as Ug99 (Pretorius et al., 2000; Meyer et al., 2017) . Such results can highlight potential dispersion routes and guide cost-effective control strategies.
Incorporating knowledge from population genomics into disease modelling should also increase our ability to predict the evolutionary route of plant pathogens in the agricultural landscape. For wheat blast, planting wheat varieties with the Rwt3 and Rwt4 resistance genes should limit Lolium or Avena Pyricularia spp. from further jumping the barrier to wheat, as a result of the presence of the corresponding PWT3 and PWT4 avirulence genes (Inoue et al., 2017) . Thus, a clear understanding of how plant pathogen genomes evolve should be incorporated into dispersal models to improve their predictive ability and value for EPP prevention.
Interconnected disease surveillance systems
One example of an effective national network for disease surveillance is the National Plant Diagnostic Network, which focuses on early detection, accurate diagnosis, and rapid communication to help control the spread of EPPs within the United States (National Plant Diagnostic Network, 2019) . Such rigorous systems provide a valuable tool to manage local outbreaks; however, as pathogens shift location, EPP surveillance and reporting need international alliances to succeed. For example, the 'Digalu' (TKTTF) race of stem rust was initially identified in Turkey in 2007-2008 with minimal losses (Mert et al., 2012) ; however, once it entered Ethiopia in 2013, the race caused near-total field losses as a result of the high degree of susceptibility of the widely grown wheat cv 'Digalu' (Olivera et al., 2015;  Fig. 1 ). Interconnected screening networks testing dominant pathogen races across global germplasm collections could be used to circumvent similar outbreaks in the future.
Since 1993, the international standards for phytosanitary measures dictated by the Food and Agriculture Organisation (FAO) of the United Nations have required countries to report plant pests and diseases to the International Plant Protection Convention (FAO, 2006; International Plant Protection Convention, 2012) , which provides a framework for pathogen monitoring, surveillance and management. However, the achievement of accuracy in these reports can be hampered by economic consequences, political barriers and a lack of standardization in testing procedures. Given the global reach and ease of transmission of EPPs, it is essential we develop a unified and transparent international strategy to support the accurate and timely reporting of EPPs (Carvajal-Yepes et al., 2019) .
Conclusions
As human activities continue to erode natural barriers to dispersal, human-mediated pathogen redistribution poses an increasing threat to the stability of agricultural systems and native biodiversity (Kolar & Lodge, 2001) . The versatility EPPs display in their spread emphasises the urgent need for a coordinated globalisation of disease monitoring systems to develop proactive management strategies for EPPs at high risk of movement into vulnerable areas. Fortunately, modern agricultural practices such as resistance breeding and fungicides provide us with better protection than during the catastrophic EPP outbreaks that have plagued history. However, we must remain vigilant to the threats posed by EPPs to plant health and global food security, in order to safeguard and maximise crop production as productivity demands continue to increase in the future.
